The availability of genome sequence data has facilitated the development of high-throughput genetic screening approaches in microbial pathogens. In the African trypanosome, Trypanosoma brucei, genome-scale RNA interference screens have proven particularly effective in this regard. These genetic screens allow for identification of the genes that contribute to a particular pathway or mechanisms of interest. The approach has been used to assess loss-of-fitness, revealing the genes and proteins required for parasite viability and growth. The outputs from these screens predict essential and dispensable genes and facilitate drug target prioritization efforts. The approach has also been used to assess resistance to anti-trypanosomal drugs, revealing the genes and proteins that facilitate drug uptake and action. These outputs also highlight likely mechanisms underlying clinically relevant drug resistance. I first review these findings in the context of what we know about current drugs. I then describe potential contributions that these high-throughput approaches could make to the development and implementation of new drugs.
I N T R O D U C T I O N
The African trypanosomes, Trypanosoma brucei, are protozoan parasites transmitted by tsetse flies in subSaharan Africa. They cause sleeping sickness in humans (Brun et al. 2010) and Nagana in livestock. The other major human pathogenic trypanosomatids are the South American trypanosome, Trypanosoma cruzi and Leishmania spp., which cause Chagas' disease and leishmaniasis, respectively. These are collectively known as the 'Tritryps'. Although the discussion here is focused on approaches to drug design against African trypanosomes, some aspects are certainly relevant to the other Tritryps.
There are two broadly defined starting points in terms of anti-infective drug discovery. The first is to test compounds against live parasites, so-called phenotypic screening. The second is to test compounds against a defined target, so-called targetbased screening. Phenotypic screening does not require any detailed knowledge of the biochemistry and molecular biology of the parasite, and early work in this area began with this approach. In contrast, target-based screening typically requires a recombinant enzyme activity assay. Thus, phenotypic screening reflects the interaction of a compound with the whole parasite, while target-based screening reflects the interaction with a particular target, typically an enzyme. The former approach is particularly prone to leaving major gaps in our understanding of drug-parasite interaction while the latter is prone to high rates of attrition as assessment progresses, due to low-efficiency drug uptake or drug efflux by parasites, for example. Both approaches are prone to further attrition during in vivo testing. An appreciation of past limitations and new high-throughput approaches has contributed to the emergence of new paradigms in drug design and discovery. In addition to the concepts developed below, the concept of network pharmacology is also worth noting here, whereby drugs may be developed to target multiple proteins simultaneously (Hopkins, 2008) .
Anti-trypanosomal drug development has a long history, particularly due to the pioneering work of Paul Ehrlich (Ehrlich, 1913) . Indeed, dye-related (suramin) and arsenical compounds (melarsoprol) that emerged then are still in use today, despite the fact that the targets remain unknown. Several drugs used against trypanosomatids, such as the diamidines, used in humans (pentamidine) and livestock (berenil), and isometamidium and ethidium bromide, used in livestock, are thought to target DNA (Wilson et al. 2008) . Because activity depends upon DNA binding, these drugs would not be identified for follow-up from a conventional target-based screen. On the other hand, they might be expected to display toxicity through disruption of host DNA metabolism. These drugs do display a good degree of selective action in some cases, however. This is because the DNA that appears to be most susceptible to drug-induced damage, the kinetoplast DNA or mitochondrial genome, displays parasite-specific features that likely render this genome particularly susceptible to these drugs (Shapiro and Englund, 1990; Roy Chowdhury et al. 2010) . Selective accumulation is also important here. Not only may some drugs be concentrated by trypanosome transporters, they may be selectively accumulated in the trypanosome mitochondrion, effectively delivering the drug to its target site. Regardless of the target(s), where efficacy is dependent upon accumulation and concentration by the parasite, potential drugs will typically only be identified in phenotypic screens and not in target-based screens.
More recently, regulatory requirements, and the drive to develop a better understanding of drug efficacy and toxicity, have played a part in promoting the more costly, specific target-based approaches. Despite this, eflornithine was the first, and only current, anti-trypanosomal drug to emerge from a target-based approach. This drug is an aminoacid analogue and irreversible inhibitor of ornithine decarboxylase (Bacchi et al. 1980) . Initially developed as an anti-cancer chemotherapy, this drug was repurposed as an anti-trypanosomal. The advantages of target-based screening are that the mechanisms of drug action are understood and that rational approaches can be applied to the medicinal chemistry component of drug development; potency against the parasite target may be increased and off-target effects against the host may be reduced (see Frearson et al. 2010 for example). Thus, in general, phenotypic screening identifies drugs with unknown, possibly multiple, targets and provides no prior information that can guide medicinal chemistry. It should be borne in mind, however, that even a 'specific' inhibitor of a particular enzyme may also interfere with other targets, and these 'off-target' effects will usually remain mysterious since development and optimization are typically carried out using the single target enzyme. There are limitations, therefore, to understanding possible 'off-target' effects in the parasite and in the host, regardless of the starting point.
Eflornithine is now typically administered in combination with the nitrofuran, nifurtimox (Priotto et al. 2009 ), a pro-drug that was initially used against T. cruzi. There are also 2 new drugs currently progressing through clinical trials against sleeping sickness; another nitro pro-drug, the nitroimidazole, fexinidazole ) and a boron-based benzoxaborole, SCYX-7158 (Jacobs et al. 2011) . The nitro pro-drugs are known to be activated by a nitroreductase (Hall et al. 2011; Wyllie et al. 2012) but the targets of the nitro-drugs and the benzoxaboroles remain unknown.
It is notable that all but one of the drugs used in the past or currently in clinical trials against African trypanosomes have emerged from a phenotypic screening approach. To date, none of these drugs has a known target, illustrating the difficulty in identifying targets after phenotypic screening. The current drugs are 'effective', in the sense that they have saved many lives, but there are problems associated with their use. The arsenic-based drug, melarsoprol, for example, displays high levels of toxicity, resulting in a reactive encephalopathy in up to 5% of patients treated (Pepin and Milord, 1994) . Even the drug with a known target, eflornithine, has a surprisingly low potency against trypanosomes; it displays a 50% effective growth-inhibitory concentration (EC 50 ) of approximately 20 μM. Screening programmes do not follow up compounds with such low potency and typically aim to achieve a submicromolar EC 50 following further development through medicinal chemistry. As a consequence, a single eflornithine treatment requires more than 200 g of drug and many litres of saline administered over a 10-day period. It seems unlikely that any drug with either of the features described above, up to 5% lethality or EC 50 of 20 μM, would progress through the development, trial and approval process today. This situation certainly reflects the economics of drug development and also raises the issue of whether current processes are too stringent for the 'neglected tropical diseases'. Thus, there are clearly problems associated with current anti-trypanosomal drugs.
The goal is to develop cheap, orally administered, potent, yet safe drugs; these will ideally be applied as combination therapies to minimize the emergence and spread of drug resistance. The question considered below is whether findings that emerge from high-throughput RNA interference (RNAi) screens can identify better targets as starting points for target-based screening, fill some of the knowledge gaps left following phenotypic screening and, more generally, improve our understanding of drugparasite interactions.
H I G H -T H R O U G H P U T G E N E T I C S C R E E N S I N A F R I C A N T R Y P A N O S O M E S
Genome-scale RNA interference in Trypanosoma brucei
The availability of genome sequence data has facilitated the development of high-throughput genetic screening approaches for a number of microbial pathogens. Reference genome sequences were reported for each of the Tritryps in 2005 El-Sayed et al. 2005; Ivens et al. 2005) . The range of molecular genetic tools available for studies in T. brucei, and particularly the RNAi machinery in this trypanosomatid (Ngo et al. 1998) , have greatly facilitated the development of high-throughput genetic screens. RNAi operates in response to double-stranded RNA (dsRNA) and this can be exploited experimentally for sequencespecific knockdown of individual gene transcripts. The behaviour and characteristics of knockdown cells reveal the function of the targeted gene and protein.
Genome-scale RNAi screens have proven to be particularly effective in T. brucei (Morris et al. 2002; Baker et al. 2011; Schumann Burkard et al. 2011) . When coupled to deep sequencing, RNA Interference Target sequencing, or RIT-seq, allows for the generation of genome-scale datasets, indicating the cohort of genes linked to a particular function, pathway or mechanism of interest (Alsford et al. , 2012 .
Genome-scale identification of essential genes in Trypanosoma brucei RIT-seq was initially used to identify the genes and proteins that are required for parasite viability and growth . A library comprising a highly complex collection of clones, each with a different gene knocked down depending on the dsRNA expressed, was monitored for growth defects (Fig. 1A) . This was achieved by using deepsequencing to survey the representation of each clonal population in the pool. When sequences were mapped to the reference genome, populations that had been lost from the pool were identified as coldspots where sequence-reads diminished over time (Fig. 1B) . Statistical analysis of the outputs revealed over 1000 putative essential genes among approximately 7500 annotated in the genome. These 'survivasome' outputs can be used to predict both essential and dispensable genes and to facilitate drug target prioritization efforts. For this purpose, the dataset has been incorporated into the TDR Targets database, a chemogenomics database for neglected diseases (Magarinos et al. 2012) . It should be possible to refine the list of essential genes to a more definitive 'infectome' by running similar screens in an in vivo model.
Genome-scale identification of genes associated with drug resistance in Trypanosoma brucei
RIT-seq was also used for genome-scale RNAi library screening in the presence of anti-trypanosomal drugs (Alsford et al. 2012) . In this case, genetically unperturbed populations were killed by a drug and only those cells that lost functions required for drug efficacy survived ( Fig. 2A) . These populations were identified as hot-spots where sequence-reads increased over time (Fig. 2B) . Analysis of these outputs revealed all 3 known genes (Maser et al. 1999; Wilkinson et al. 2008; Vincent et al. 2010 ) and more than 50 new genes linked to drug efficacy. These Fig. 1 . Genome-scale RNAi library screens identify the genes required for parasite growth -the 'survivasome' (see Alsford et al. 2011) . (A) The schematic shows distinct RNAi constructs used to generate a highly complex collection of pooled clones -the library. Once RNAi is induced (using tetracycline) cells with dispensable proteins knocked down will continue to grow while cells with essential proteins knocked down will be lost from the pool. Deep sequencing of the RNAi constructs represented in the pool can be used to reflect relative representation. (B) Examples of RIT-seq outputs; sequences were mapped to the Trypanosoma brucei reference genome. Cold-spots coincide with putative essential genes (red and blue).
outputs reveal the genes and proteins that facilitate drug action and also highlight likely mechanisms underlying clinically relevant drug resistance. Transporter mechanisms involved in the uptake of eflornithine, pentamidine, melarsoprol and suramin were identified while, in the case of nifurtimox, the enzymatic pro-drug activator was identified. Suramin delivery to the lysosome was found to be via receptor (invariant surface glycoprotein 75)-mediated endocytosis (Alsford et al. 2012) . In a follow-up study, a specific aquaglyceroporin was linked to the long-sought mechanism of melarsoprolpentamidine uptake and cross-resistance .
P O T E N T I A L C O N T R I B U T I O N S T O T H E D E V E L O P M E N T O F N E W D R U G S
High-throughput genetic approaches, allied with other approaches, such as metabolomics, should continue to provide an even more detailed picture of drug action and potential resistance in trypanosomes. Anti-trypanosomal drugs developed for use against T. brucei, T. cruzi or Leishmania spp. could be screened against T. brucei RNAi libraries. A better understanding of drug-parasite interaction could facilitate the repurposing of some of these compounds among diseases caused by these parasites. One outcome may be that those drugs thought to target DNA actually kill cells through alternative and unanticipated mechanisms. There is also the possibility that the new insights will retrospectively facilitate the rational medicinal chemistry-based optimization of drugs initially identified through phenotypic screening. Some specific examples of new opportunities emerging from genome-scale RNAi library screens are detailed below.
Current RIT-seq datasets can already be used for drug-target prioritization efforts Magarinos et al. 2012) . Pathways that are required specifically to survive the hostile host environment in terms of coping with immune pressure or nutrient limitations, when characterized in the future, may represent excellent examples of an 'Achilles' heel' for the parasite. Other RIT-seq screens will allow for high-throughput decoding of a variety of virulence mechanisms in T. brucei. The impact of host toxins such as trypanosome lytic factors (Vanhollebeke and Pays, 2010) could be enhanced by therapies that inhibit parasite defences. The host immune system could be harnessed by therapies that disrupt the mechanism underlying antigenic variation and variant surface glycoprotein allelic exclusion (Horn and McCulloch, 2010) . The life-cycle differentiation process (MacGregor et al. 2012) could be artificially triggered to block parasite division. The approach should also be adaptable to other microbial pathogens.
Identification of the mutations most likely to be associated with clinical cases of current drugresistance could be exploited to develop diagnostic tests for those mutations. Alternatively, a fluorescent Fig. 2 . Genome-scale RNAi library screens identify the genes required for drug action and potentially involved in drug resistance (see Alsford et al. 2012) . (A) The schematic shows distinct RNAi constructs used to generate a highly complex collection of pooled clones -the library. Only cells with proteins that facilitate drug action knocked down will continue to grow under antitrypanosomal drug selection while other cells will be lost from the pool. Deep sequencing of the RNAi constructs represented in the pool can be used to reflect relative representation. (B) Examples of RIT-seq outputs; sequences were mapped to the Trypanosoma brucei reference genome. Hot-spots coincide with genes involved in drug uptake and action, the chromosome map shows 4 'hits'. A close-up view of a single hit reveals a signature representing multiple RNAi target fragments. drug analogue could be used as a biomarker to monitor uptake (Stewart et al. 2005) . Such tools could be used for surveillance and this could impact policy in terms of selecting the region in greatest need of a new therapy. RNAi screens using compounds currently progressing through clinical trials could yield insights into the mode of uptake and action before these drugs are approved and widely used. Uptake via an essential transporter pathway would be good news in terms of indicating reduced probability of the development of resistance. In contrast, uptake via a dispensable pathway would predict emergence of resistance to a monotherapy. The drug in question in the latter case may be better used as part of a combination, with a second drug known to be taken up by a different route. Endocytosis and drug transporters, once known, could also be exploited to deliver new toxic cargoes.
Thus, it will be of practical use to know more about how drugs are taken up, which proteins and metabolites they interact with once taken up and how they ultimately kill trypanosomes. In this context, outputs from high-throughput genetic screens could present a range of new opportunities. As we learn more about in vivo virulence mechanisms, appropriate targets within readily exploitable pathways will emerge. In the case of drugs identified in phenotypic screens, subsequent target deconvolution may become readily achievable, making this approach even more attractive as a starting point. Understanding the range of drug-uptake mechanisms specific to trypanosomes could facilitate the delivery of toxins, including toxins with known targets. Once the genetic basis is known, it will be possible to monitor the emergence and spread of resistance and a more rational approach could also be taken to reducing the probability of resistance to new drugs.
C O N C L U S I O N S A N D F U T U R E D I R E C T I O N S
It should be possible to exploit genome-scale genetic screens to learn more about old and new drugs, to identify new targets and to develop improved drugs. Target-based approaches have dominated drugdiscovery efforts for some time. This has been largely driven by the need to take rational approaches to increasing potency and reducing toxicity. However, these efforts are associated with high attrition rates, meaning that the cost of producing a single effective drug has increased dramatically. This situation is unrealistic for many diseases and possibly even more so for the neglected tropical diseases such as sleeping sickness. As a result, phenotype screening against parasites has seen a resurgence in popularity in recent years, but this leaves a gap in our understanding of the mechanism of drug action. As a consequence, when the mode of action is a mystery, little can be done to tackle any cases of toxicity or drug resistance.
In conclusion, genomics has not yet had a major impact on anti-trypanosomal therapy but it shows great promise of doing so in the future. High-throughput genetic screens should facilitate drug-target prioritization for target-based approaches and will also illuminate available drug-delivery routes in terms of transporters and receptor-mediated endocytosis. A deeper understanding of parasite biology, including knowledge regarding parasite-drug interactions, should ultimately facilitate a more rational approach to maximizing anti-trypanosomal drug efficacy as well as minimizing host toxicity and potential resistance. 
